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Abstract

This work focuses on the study of interrelation of superconductivity and magnetism in
SmFeAsO,.4F«. Starting with a reasonable Hamiltonian and using Green functions
formalism, we have obtained expressions for Tc, Tr, and superconductivity and magnetic
order parameters A and n respectively. For suitable value of the parameters the phase
diagram is obtained which shows the possibility of the interrelation of superconductivity

and magnetism in SmFeAsOqxFy .

Keywords: Superconductivity, magnetism, interrelation, Green function



CHAPTER ONE

1. INTRODUCTION

1.1. Background of the study

Superconductivity is a low temperature phenomenon. The low temperature works started
with liquefaction of natural gases in the late 1800. In 1911, superconductivity was
discovered in mercury at liquid Helium by Dutch physicists Heike Kamerlingh Onnes [1].
He was awarded with Nobel Prize for his work. Since its discovery in 1911, even today,

superconductivity is an important area of research in solid state physics.

The disappearance of resistivity in a material is called superconductivity, and the
temperature at which it occurs is called as critical temperature (T¢). The discovery of

superconductivity opened a new area for research.

The interplay between superconductivity and magnetism has been an interesting topic in
condensed matter physics. Magnetism is by now well understood than superconductivity.
Some of the basic features of superconductivity were explained by Ginzburg and Landau,
and by Bardeen, Cooper and Schriefer, but the basic mechanism for example, spin triplet
ferromagnetic superconductor is not well known. Thus, the interaction between
superconductivity and magnetism is studied to bring the mechanism for understanding and

solving problems in superconductivity physics.

Superconductivity and magnetism would be antagonistic because of the competitive
nature between the superconducting screening (Meissner effect) and the internal fields
generated by magnetic ordering. However the discovery of a number of magnetic
superconductors has allowed for a better understanding of how magnetic order and

superconductivity can coexist.

Magnetism and superconductivity are two distinct many body phenomena that have

attracted researchers for decades. Similarly, charge or spin density wave has also recently
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drawn attention due to the strong electron-electron correlations present there in and of
course its close analogy to superconductivity. Hence, the question about the interrelation,
competation, and coexistence between these different ground state phenomena center
around the behaviour of the correlated electron systems. However, it is now well
established that the coexistence of multiple ground states are common in certain rare earth

based alloy superconductors, manganites, ruthenates and high Tc cuprates.

More recently, the discovery of iron based (pnictide) superconductivity have renewed
interest to explore the interplay of superconductivity, magnetic ordering and charge or

spin density wave.

As was mentioned earlier, superconductivity and magnetism usually try to avoid each
other. That is, superconductivity expels residual internal magnetic fields while sufficiently
high magnetic field can destroy superconductivity completely. Thus, the recent discovery
of compounds that are both magnetic and superconducting at the same time came as a
remarkable development. As superconductivity and magnetism are to a great extent
antagonistic to each other, their coexistence in homogeneous materials requires some
special very reliable conditions to be fulfilled. The study of superconductivity and
magnetism and their mutual coexistence or interaction has been a very important problem
for the understanding of the physics of the two phenomenons for explaining a number of
experimental and theoretical results, as well as for possible engineering applications.

Research on high-Tc superconductivity turned in a new direction in the year 2008 with the
discovery of iron-pnictide superconductors. This was LaFeAsO;«Fx (labeled 1111, based
on the elemental ratios in the chemical formula of the parent material) with Tc =26 K [2].
The Tc was soon raised to 43 K, either by replacing La with Sm (SmFeAsO,_Fy) [3] or
by applying pressure [4]. Several 1111 superconductors with Tc > 50 K have been
successively reported, and the current record is 56 K in Gd;—ThsFeAsO [5]. Fe-based
superconducting compounds are grouped as, 1111 (ROFeAs with R = rare-earth;
AeFFeAs with Ae=alkaline earth), 122 (AeFe;As;; AFe,Aswith A=alkaline),
111(AFeAs), 11 (FeSe) and the Sr,MOsFePn, M = Sc, V, Cr (21311) family [6,7].



Very interesting, aspect of Fe-containing superconductors from a basic physics point of
view is the superconducting pairing mechanism. Superconductivity and magnetism were
considered as exclusive phenomena. According to BCS theory superconductivity results
from the pairing of electrons with opposite spin, while in magnetism electron spins are
ordered and fixed in space. An important question is whether the magnetic and
superconducting properties originate from the same orbital electrons. According to current
understanding in Fe-based super-conductors magnetic and superconducting phases
coexist. They may coexist in different areas displaying phase separation or in unique

phase on atomic (nano-) scale with electronic phase separation characteristics [6, 7].

The coexistence of SC and magnetism was observed in the ternary and quaternary inter
metallic compounds RMogSg, RRh4B4 and RNi,B,C (R= rare earth). Among the rare earth
borocarbides, the reentrant antiferromagnetic superconductor HoNi,B,C exhibits an exotic
interplay of SC and magnetism. It becomes superconducting at ~7.5 K, re-enters the
normal conducting state at 5 K, and recovers SC at lower temperature [7]. A complete
understanding of the interplay between magnetism and SC and the coexistence of the two

is still lacking.

The recent discovery of SC in new Fe based systems by doping the magnetic parent
compound with electrons or holes or by applying pressure and there by suppressing the
magnetic order has activated intense research [3]. Among the A-122 series (A=Eu, Sr, Ba,
Ca), EuFe,As; is an interesting candidate to investigate because it contains two different

magnetic atoms.

In this study we attempt to investigate theoretically the interrelation of superconductivity
and magnetism in a superconducting SmFeASO;.«Fx compound. This compound have
different characters which are impossible to explain by the existed theories. So we should
look for better explanation.



1.2. Objectives of the study

1.2.1 General objective of the study

The general objective of this work is to study the interrelation between magnetism and

superconductivity in superconducting SmFe (O1.Fx) As compound theoretically.

1.2.2. Specific objectives of the study

>

To calculate the mathematical expressions for Superconducting transition
temperature (T¢), Superconducting order parameters (A), Magnetic ordering
temperature(Ty,) and Magnetic order parameters ().

To draw Phase diagrams for critical temperature versus Superconducting order
parameters

To draw Phase diagram for Superconducting transition temperature versus
Magnetic order parameters

To draw Phase diagram for Magnetic ordering temperature versus Magnetic order
parameters.

To find Phase diagrams Superconducting transition temperature, Magnetic

ordering temperature versus Magnetic order parameters.

For this purpose, the reasonable Hamiltonian for the system was developed. Equations of

Motion for conduction and localized electrons were also developed using Green’s

Function technique.

This study is organized in different chapters. The first two chapters give an overview of

the superconductivity, magnetism and their interrelation, coexistence, reviews on the iron

based- compound and the cooperative phenomenon on this compound. The final section of

chapter two presents general discussion on the method we are using which is Green

Functions. Chapter three yields the theoretical formulation and calculation of the problem.

Chapter four contains a short presentation on the result of the calculation and discussion.

Finally, the Fifth chapter gives the summary of the whole thesis.



CHAPTER TWO

2. REVIEW OF RELATED LITERATURE

In this chapter, several important concepts were introduced that would form the basis for
understanding in this study. First, a general concept and fundamental properties of
superconductivity were discussed, second, about interrelation superconductivity and
magnetism, third, iron based superconductor a specific discussion on high temperature
superconductivity crysital structure and phase diagram of iron pnictides. Fourth, we will
give a review transition temperature. Following this discussion few concept of phase
transition and order parameter will be presented. Finally, we will deal with few

superconducting parameters and the theoretical methods we used.
2.1 Fundamental properties of superconductivity

Superconductivity can be described as a phenomenon of zero electrical resistivity or
infinite electrical conductivity below a certain temperature. A material becomes
superconducting at a certain temperature which varies from very small values of a few
millikelvin to values above 100k [8].For the first time, in 1911 heike Kamerlingh Onnes,
discovered that the electrical resistance of mercury suddenly drops to zero at a temperature
of 4.2k. (Figure 2.1).His further study on other materials showed that the transition from
the normal to the superconducting state occurs at different temperatures for different
materials. The temperature at which the material undergoes the phase transition from the
normal state to the superconducting state is called critical temperature or superconducting
transition temperature. In the superconducting state, an otherwise bouncing electron
travels unobstructed through the complex lattice of the conductor. Because of this there
are no collisions and consequently, no resistance and no loss of energy. If the temperature
of the material is raised above the critical temperature Tc, the material enters into the

normal state.
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Figure 2.1: Experimental data obtained on mercury by Kamerling Onnes showing the

supererconducting transition for the first time [8].

Figure 2.2 shows the evolution of the critical temperature Tc of superconductors. Cuprate
superconductor was discovered in 1986, and, after this, Tc increased rapidly, reaching 164
K at the high pressure of 30 GPa. This means that the maximum Tc had already reached
halfway toward room temperature (~300 K). These materials are called high - Tc
superconductors. The metallic superconductor MgB 2, with Tc= 39 K, was discovered in
2001, becoming a favorite topic in recent years. Even more surprising, a new material
group with Tc =56 K was discovered in 2008, this being an iron pnictide, containing iron

and arsenide instead of copper and oxygen, and this advance led to renewed interest in

high — Tc superconductors.
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Figure 2.2: The critical temperature Tc of superconductors (9)
2.1.1 Meissner effect

In 1933, Walter Meissner and Robert Ochsenfeld discovered that a superconducting
material will repel a magnetic field. When the temperature is lowered below Tc, the
superconductor will push the applied magnetic field out of itself (shown in Fig. 2.3). It
does this by creating surface currents in itself which produces a magnetic field exactly
opposite the external magnetic field. The superconductor becomes perfectly diamagnetic,
canceling all magnetic flux in its interior. This phenomenon of flux exclusion is referred to
as the Meissner effect. This property puts a threshold limit on the applied magnetic field,
depending on which, the superconductivity is classified as type | and type Il. This will be
discussed in detail in the next section. Computation from the Maxwell and London
equations showed that an external magnetic field (H) exponentially decays to zero inside a

superconductor, such that

X

H(X) = H(o) e 2.1)
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Figure 2.3: Meissner effect: Magnetic field lines, represented as arrows, are excluded

From a superconductor when it is below its critical temperature [10].

Where x is the distance inside the superconductor from the surface, H (0) is the field at the
surface, and A, is the penetration depth of the field, also known as the London penetration
depth. In type | superconductors, experimentally, it was observed that the actual
penetration depth of superconductors is greater than the London penetration depth. This
excess penetration depth was explained by A. B. Pippard in 1955, who introduced the
concept of coherence length (). The coherence length is defined as a measure of the
distance within which the superconducting electron concentration cannot change

drastically in a spatially varying magnetic field [11].
2.1.2 Types of superconductors

There are two types of superconductors, type | and type Il. Very pure samples of lead,
mercury, and tin are examples of type | superconductors. High temperature ceramic
superconductors such as YBa,CuzO7-; (YBCO) and Bi,Sr,CaCu,0g (BSCCO) are
examples of type 1l superconductors. According to the Ginzburg and Landau theory [20]
there are two temperature dependent characteristic lengths in a superconductor, known as
the GL coherence length ((T)) and the GL penetration depth (A(T)). The ratio of the G
lengths is defined by the parameter

A(T
K(T) = % (2.2)
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Figure 2.4: Magnetization vs.Applied magnetic field for a bulk superconductor exhibiting

the Meissner effect (a) type | superconductor, and (b) type 11 superconductor.[12]

Type | superconductors k < 1/ v/2 and for type II superconductors, k >1/ +/2. Figure 2.4
shows that the magnetization versus applied magnetic field behavior and corresponding
Meissner state for type | and type Il superconductors. If a type | superconductor is placed
in an external magnetic field (H) such that H > Hc, there is an abrupt change from the
superconducting state to the normal state. The type | superconductors are very pure metals
that typically have critical fields too for use in superconducting magnets. On the other
hand, for type Il superconductors, there are two values of the critical fields, H¢; and Hcy,
such that Hgi< He,. For applied field H < Hgy, the superconductor excludes all the applied
magnetic field. For He; < H < He,, the field begins to enter into the material. When this
occurs the material is said to be in the mixed state or the vortex state. For H > Hy, the
superconductor enters into the normal state. Compared to type I, type Il superconductors
have much larger Hc, hence are a promising candidates for electrical applications,

although some practical limitations still exist.
2.1.3 Bardeen Cooper and Schrieffer (BCS) Theory

Three scientists, John Bardeen, Leon Cooper, and John Schrieffer [13], developed a
comprehensive understanding of superconductivity in 1957, for which they received the
Nobel Prize in 1972. Their theory of superconductivity is popularly known as BCS theory,

derived from the first letter of each man’s last name. The BCS theory explains

9



superconductivity at temperatures close to absolute zero. According to BCS theory, as an
electron passes through positively charged ions in the lattice of a superconductor; the
electron-lattice-electron interactions deform the lattice. The resulting lattice deformation
or lattice vibration generates phonons. The electron-phonon interaction develops a trough
of positive charge around the electron, and this excess positive charge thus attracts another
electron. The forces exerted by the phonons overcome the electron’s natural repulsion. It
is through this process that two electrons, which should repel one another, link up to form
what is known as a Cooper pair, named after physicist Leon Cooper who proposed this
mechanism of bound state of electrons. The Cooper pair behaves as a boson and at
sufficiently low temperature; Cooper pairs form a Bose-Einstein condensate. The coupling
between the two electrons that form the Cooper pair exists over a length. The electron-
phonon exchange interaction results in the constant breaking and reforming of the Cooper
pair. In the framework of BCS theory, coherence length (§) and energy gap (A) relate to

each otherat T =0 as;

hAve
7A(0)

So = (2.3)

Where, v, is Fermi velocity. The quantity & is intrinsic coherence length which is

temperature-independent. According to Ginzburg-Landau theory in 1957, the relation

between temperature dependent coherence length and intrinsic coherence length is given
by;

1 1
_ —4 - .

§ %0 | (2:4)
Where, | is mean free path of an electron. At low temperature, | can be centimeters long,

then &£=&.
2.1.4 Penetration Depth (1) and Coherence Length (&)

Magnetic field is exponentially screened from the interior of the superconductor with a
distance penetration depth (A). The number density of superconducting electrons (ns) vary
continuously from zero at TC to n, the density of conduction electrons, at T<< T¢. Thus
the parameter A is a temperature dependant quantity described by [14]

10



A (T) =21 (0) [1- (T/Te)*] (1.3)

The coherence length (&) is the measure of distance between two superconducting

electrons and is given as

&=hve/2A (1.4)
Where, Vg electron velocity at Fermi surface and 2A energy gap
2.2. Interrelations of superconductivity and magnetism

Two main physical phenomena of interest in this work are superconductivity and
magnetism, fundamentals of which have been discussed in the previous sections of this
chapter. Interaction between superconductivity and magnetism has always been an area of
interest in condensed matter physics, interestingly because of the antagonistic nature of

these two phenomena.

The interplay of superconductivity and magnetism is commonly described in terms of
their characteristic temperatures Tc and Tm, where the latter corresponds to the
temperature of onset of the long-range magnetic order. Broadly, the ensuing magnetic
order, in principle, can be of ferromagnetic (FM), antiferromagnetic (AFM), oscillatory, or
spin-glass (SG) type. There are three possibilities: Tc >Tm, Tc <Tm, and Tc ~<Tm. In the
case of FM, Tm is the Curie temperature, while with AFM, it is the Néel temperature. If
the long-range order is FM, there is a macroscopic internal field, with a parallel spin
alignment, that destroys superconductivity and turns the material normal. Such materials
are called ferromagnetic or reentrant superconductors. The reentrant phenomenon is very
unusual in that the material loses its superconductivity on cooling to lower temperatures
[8,14]

Superconductivity and magnetism seem to be similar in their appearance in the nature of
their occurrence and from many other points of view. Superconductivity and magnetism
tend to suppress one another. However, the existence of long — range ordering of both
kinds in the same material has been established in the ternary rare earth and actinide

compounds [14]. Magnetism and superconductivity are manifestations of two different

11



ordered states in to which metals can condense at low temperature and in general these

states are inimical to one another.

Sinha and Singh [14] studied the effect of magnetic ordering on superconductivity in some
rare earth compounds and found a re-entrant behavior of the superconducting order
parameter (A). They found that superconductivity can be destroyed at two temperatures, at
Tc1due to thermal pair breaking and at Tcl (< Tcl) when A = n (n being the magnetic
order parameter of rare earth ions) and spin polarization of conduction electrons.
Furthermore, the coexistence of superconductivity and antiferromagnetic ordering of a
localized spin system has been proved in a large class of the rare earth ternary alloys
[8,14].

The experiment reveals that the magnetic ordering which first forms upon cooling is
oscillatory in nature and is directly coupled to superconducting order parameter. Sinha and
Singh [8,14], considered the scattering of Cooper pairs by localized electrons along with
their exchange interaction and intra and inter site interactions and obtained that the
possibility of anti ferromagnetic ordering in the superconducting state.

There are two sources of magnetism in metals. These are localized magnetic moments and
the ’sea’ of conduction electrons. Local magnetism occurs in rare earth metals due to the
incomplete filling of electrons in the inner atomic shells. This leads to a well defined
magnetic moment at every fixed atomic site which in turn produces long-range magnetic
coupling due to the exchange of conduction electrons. The second type of magnetism -
known as band magnetism arises from the magnetic moments of the conduction electrons
themselves. In a metal the electrons are it inerant, that is, they are free to move from one
atomic site to another atomic site and they tend to align their magnetic moments in the
direction of an applied field.

In magnetic material there exists a spontaneous long-range ordering of the microscopic
moment. This is due to so called exchange interactions between the moment carriers There
are two major classes of magnetic materials; ferromagnetic and anti ferromagnetic. In
ferromagnetic materials, the exchange interactions tend to align the moments in one

direction, giving the material a non zero magnetization. In contrast to ferromagnetism, the

12



exchanges interactions in anti ferromagnetism material tend to periodicity order the

moments in such a way that there is no overall magnetization of the system.
2.3. Iron-based superconductors

The response of the worldwide scientic community to the discovery of superconductivity
at 26 K in an iron-based compound (LaFeAsO;. «\Fx) has been very enthusiastic [4]. In
terms of transition temperature, the iron-based superconductors (FeSCs) [15, 4] with bulk
Tc up to 55K in SmFeAsO;. \Fx hold the second place behind the cuprates [16]. Both
families share many properties, but also show prominent differences. Cuprates and FeSCs
have 2D lattices of 3d transition metal ions as building blocks and in both cases
orthorhombic distortions can be present at small doping. The phase diagrams of cuprates
and many FeSCs are also quite similar. Superconductivity emerges as a result of doping an
antiferromagnetic parent compound. The parent compound, however, is a Mott-insulator
in case of the cuprates, while superconductivity in the Fe-based systems emerges from a
metallic state showing itinerant antiferromagnetism. Moreover, cuprates are effective one-
band systems while FeSCs exhibit multiple bands which cross the Fermi level.
Nevertheless, it is considered possible that the ultimate source of the pairing interaction in
both systems is fun-parentally similar, although essential details such as pairing symmetry
and gap structure in FeSCs depend on the topology of the Fermi surface and the orbital
character of the bands [17].

2.3. 1 High temperature Superconductivity in iron-pnictides

Until recently HTSC were the only known structures with T¢ exceeding 50 K. In February
2008 Yoichi Kamihara reported on superconductivity in LaO;.xFxFeAs (x=0.05-0.012)
with T¢ 26K [4].Transition temperature was soon pushed to even higher TC when La was
replaced with other R (rare-earth) atoms; R = La, Ce, Nd, Sm, Pr. We can see (Figure2.5)
the progress from 23" of February to 13" of April, when the compound SmO,FiFeAs
(x=0—0.30) with highest T¢c= 56 K was found. Since then T did not increase, but there is

still intensive research interest in these materials.

13
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Figure 2.5: Temperature records in iron-pnictides since February 2008 [18].

The excitement with this discovery was largely stimulated with some close Similarities
between iron-based SC and HTSC:

Both systems are layered in structure, type Il superconductors, Parent compounds are
antiferromagnets and superconductivity appears upon doping which exceeds critical value.
At the same time antiferro-magnetic phase is suppressed. and the phase diagrams are

similar.
2.3.2 Crystal structure

The name iron-pnictides comes from the FePn structure common to all compounds, where
Pn is the pnictogen atom. This FePn group forms a two-dimensional (2-D) layer which is

contained into a tetragonal crystal structure, for all the compounds, at room temperature.

The layered iron superconductors, discovered by Kamihara and co-workers [2], now
comprise a rather large family of materials, with four distinct crystallographic types.The

iron-pnictides RO;.«xFxFeAs have a layered crystal structure with alternating FeAs and RO
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sheets (R=La or Rare Earth )or layers are stacked along the c-axis ,where the Fe atoms are

arranged on a simple square lattice

Iron pnictide superconductors are grouped into five main prototypical families according
to stoichiometry ratios of chemical constituents. They include; 1111, 122, 111, 11 and
42622 families. The 1111 structure class is represented by LnFeAsO formula, (Ln = Ce,
Pr, Nd, Sm, Gd, Th, Dy, Ho, and Y) where (Ln is rare earth element) with P4A=nmm space
group.Figure2.6 below shows the first type of crystal structure, They are two
dimensionally layered tetragonal structures and the parent compounds are not
superconductors at ambient pressure. The first discovered iron —pnictide superconductor
LaFeAs (O1-«Fx) has this structure.The highest Tc in this class is 55 — 56 K found in
SmFeAsO,_Fx [19] and Gd;—,ThyFeAsO [20] making them the second largest group with
high Tc after cuprates.

The family 122 has a formula AFe,As; (A = Ba, Ca, Sr and Eu) and compounds crystallse
in the body centred tetragonal ThCrSi,As,-type structure with 14/mmm space group
symmetry. Superconductivity is achieved through doping at A site and Fe site. An alkali
metal substitute A and 3d, 4d and 5d transition metals substitute Fe [21].The highest Tc
of 38 K is found in potassium doped BaFe,As;[22].

The other iron-based superconductor families include; the 111 class with a formula AFeAs
(A = alkali metal) and has a transition temperature of 23 K in NaFeAs [23] The 11-type
consists of compounds with the — PbO-type of structure and highest Tc of 27 K is
obtained in FeSe after pressure application [24]. Lastly, a group of formula
AX,06Fe,As,(X =Al, Sc, V, Cr) often known as 42622-system with maximum Tc of 43
K in Cay (Mg,Ti); OgFe,As; [25] and Sr,V,0¢Fe,As, with Tc of 37.2 K [26] have been

discovered.
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Figure 2.6: Tetragonal structure of ROFeAs[4]
2.3.3 Phase diagram

Phase diagrams play a primary role in the understanding of materials properties. For iron-
based superconductors (Fe-SC), the correct definition of their phase diagrams is crucial
because of the close interplay between their crystallochemical and magnetic properties, on

one side, and the possible coexistence of magnetism and superconductivity, on the other.

Phase diagram of superconductor shows at a glance the structural, magnetic and
superconductivity phases hence providing a better way towards understanding the nature
of superconductivity. Since the discovery of iron-based superconductors, attempts to
understand their phase diagram has been made. The sensitivity of the superconductivity to
the rare-earth (La, Ce, Nd, Sm, Pr) substitution is really surprising given that REO is well
electronically isolated from the conducting FeAs layers, and completely different from
copper oxide super-conductors in which the superconductivity is only sensitive to the
element substitution within the CuO, plane [27].The superconductivity occurs at
approximately 4% F doping. An the phase diagram as a function of doping is reminiscent

to copper oxides

(Figure 2.7). Antiferromagnetic phase and superconducting phase are very close but not in
coexistence like in SmFeAsO;. xFx [12]. Some Authors [28, 29] have reported a coexisten-
ce of magnetism and superconductivity whereas others [30,31] have noted a close

proximity between superconductivity and antiferromagnetic state.
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For instance, Huang et al [31] found out that the long range order disappears as a function
of doping before superconductivity emerges in LaFeAsO,_Fx a scenario which differs
from the work done by Lv et al [28] where an extrapolation of Ts in the phase diagram of
KxSri—xFe,As; shows an hidden criticality point revealing a possibility of competition

between superconductivity and magnetism at ground state.
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Figure 2.7 Phase diagram with fluorine doping in SmFeAs0;xFx [32].
2.4 Transition temperature in Fe-pnictide Superconductors

The discovery of quaternary superconductors with a transition temperature of 26k in La
(O1xFx) FeAs system [4] with has been quickly expanded to another family of high-Tc
superconducting Replacement of La by Ce, leads to a large increase in critical temperature
(Tc) from 26K to 41K in layered CeO;4Fx FeAs systems [33] besides copper oxides by
the replacement of La with smaller-size rare earth ions. A superconductivity in
Neodymium arsenide oxides Nd (O;.xFx)FeAs [34], with the onset resistivity transition at
51.9K and Meissner transition at 51K was synthesized by replacement of La with Nd
which is also non-cu prate compound that superconductors above 50K. The discovered
bulk superconductivity is in the praseodymium arsenide oxides Pr (O1xFx) FeAs [35,36]
with an onset drop of resistivity as high as 52K is also obtained by substitution of La by
Pr.The superconductors that obtained replacing La by Sm is samarium-arsenide oxides
Sm(O14Fx) FeAs[37,38] with a critical temperature Tc of 55K, which is the highest among

all materials besides copper oxides up to now [39].
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The superconductivity has been also discovered in oxygen free AFe,As, (A=Ba, Sr, Ca)
[40]. Like the cuprates, the pnictides are highly two dimensional, their parent material
shows AFM order below150K, and superconductivity occurs upon doping of either
electrons or holes into the FeAs layers. There is a growing consensus among researchers
that Mott physics does not play a significant role for the iron pnictides, which remain
itinerant for all doping levels. Relatively small value of the observed magnetic moment
per Fe atom [40], cause the spin density wave which is a type of Antiferromagnetic is
associated with structural phase transition from tetragonal to orthorhombic. Cruz et al.
Neutron-scattering experiments reveal that a structural phase transition in LaFeAsO is at
Tm 155K where Ts is structural transition temperature. This result demonstrates that
LaFeAsO undergoes an abrupt structural distortion below 155K, and the symmetry
changes from tetragonal (space group P4=nmm) to orthorhombic (space group C mma) at
low temperatures. Furthermore, they carried out order parameter measurements to
determine whether or not the ordered magnetic scattering at low temperatures in LaFeAsO
is indeed associated with structural-phase transition. And they found the ordered magnetic
moment vanishes at temperature 137K, approximately 18K lower than the temperature at
which the structural phase transition occurs. Therefore, the magnetic anomaly at

approximately 150K is caused by structural distortion.
2.5. Phase Transition and Order Parameter

Superconductivity is the total disappearance of electrical resistance below a define te
temperature called the transition temperature. Superconductor differs essentially from the
best normal conductor since the former has near zero resistance which the latter has a very
low resistance. These are two distinct states of a substance. In physics, this is described as
follows. A metal can exist in a normal state (at a temperature above Tc) and in a
superconducting state (at a temperature below Tc). Both these states are called phases. In a
system, the normal phase can change due to the presence of interactions which cause the
normal phase to become unstable. As a result of this instability, there is a phase transition
to a new stable phase. This special term is meant to emphasize that the substance is in

equilibrium, which is a very important physical concept [1, 9].
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In modern classification scheme, phase transitions are divided into two broad categories,
based on Ehrenfest classification i.e.classified phase transitions based on the behaviour of
the thermodynamic free energy as a function of other thermodynamic variables Poise (41)
iI.e. first-order phase transitions and second-order phase transitions.

The first-order phase transitions are those that involve a latent heat. that is, a fixed amount
of energy which is exchanged between the system and its environment during the phase
transition. Since this energy cannot be exchanged instantaneously, first-order transitions
are characterized by a possible mixing of different phases; one typical example is boiling
water, for which liquid and vapour phases can coexist. The free energies of the two phases
are identical at the transition point, since the energy which is gained or released only
operates the change in the structure of the material. However, the first derivatives of the

free energy are discontinuous.

Second-order phase transitions have neither latent heat nor hysteresis. They are
characterized by discontinuities in the heat capacity which occur in superconducting,
super fluid, magnetic, ferroelectric, order-disorder and special kinds of structural
transitions. Examples which satisfy Ehrenfest classification scheme are first order solid-
liquid-vapour transition and second order superconducting transition The new phase is
fundamentally different from the original. Second-order phase transitions are the result of

a competition between order and thermal fluctuations.

The more general description of phase transition than that provided by Ehrenfest is based
on the fact that most phase transitions are characterized by the appearance of some kind of
non-zero quantity in the order state. In ferromagnetism, this quantity is the spontaneous
magnetization and such a quantity is called the order parameter. In the theory of phase
transitions, it is important to find an order parameter which vanishes on one side of the
transition, but takes a finite value on the other side. In a continuous phase transition, the
order parameter may gradually evolve from zero at one side of the critical point to a finite
value on the other side (usually the low-temperature side) of the transition. For different
kinds of phases, different order parameters must be chosen. From a phenomenological

point of view, one must consider each physical system.
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2.5.1. Superconducting parameters

The superconducting gap parameter plays a role when considering the electrons at the
Fermi surface, which mediate the magnetic coupling.In the weak superconducting
coupling limit, the superconducting gap parameter is much smaller than the Debye phonon
energy (hop) and the BCS coupling parameter N(0)V is required to be smaller than unity.
Here N(0) is the number of one-electron states per energy range at the Fermi level and V
is the strength of the coupling between the electrons and phonons in the BCS theory. The
energy gap at zero temperature can be evaluated in the weak coupling limit (Leggett,
1980).

1
NV Zhape — N(0O)V

A (0) = 1.98hwpe — (2.4)

This isotropic gap at the Fermi surface may interfere with the magnetic super zone gaps
created by the Fermi surface structure. The critical temperature (Tc) of superconductivity

is evaluated at the temperature where A (T) is zero:
A (0)=1.75KgTc (2.5)

Tc is suppressed when magnetic ions appear in the solid. The BCS model predicts that the
ratio of 2AKgTcC is a universal constant, 3.53. The temperature dependence of the
superconducting order parameter [1].

2.6. Mathematical technique

In the present investigation of the problem, we have used a model of the Hamiltonian and
retarded double time temperature dependent Green’s function technique, Zubarev [42] and
equation of motion, to study the problem of the interrelation of superconductivity and
magnetism in SmFe(O;«Fx) As compounds. The concept of Green’s function originated
with the work of Green in potential theory. Green’s work which was primarily concerned
with the study of methods of solving Laplace’s and Poisson’s equations with the various
boundary conditions contained the germs of a much wider application for solving a variety
of eigen value problems of linear operators such as annihilation and creation operators and

the corresponding inhomogeneous equations. The Green function is used for the study of
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the properties of interacting quantized field, helps to approximate measurable gquantities,
applied in highly correlated system example superconductivity and magnetism. And to
calculate for superconducting transition temperature (T.), magnetic ordering temperature

(Tm) and superconducting and magnetic order parameters (A, 1).
2.6.1. Green’s Function Formalism

We have used Green’s functions formalism [42] to study the problem. Greens functions
have been applied in mean field theory to statical problems. The greens functions are
essentially useful for summing over the restricted classes perturbation theory diagrams and
very powerful when combined with spectral representation. In mean field theory are
known as propagator. It stands for the fact that it is used using the average behavior of one
or two typical particles instead of using the detailed behavior of each particle in the
system. The green’s functions are the appropriate generalization of the concept of
correlation and work as propagator. They are connected with the evaluation of observed

quantities and have well known advantages when equations are formulated and solved.

One of the greatest advantages of green’s function approach is that approximation
schemes can be readily developed which allow to use physical in sight in solving the many

body problem.

There are different types of green’s function. We can consider in mean field theory the
different kinds of green functions such as the double time causal, retarded ,advanced ,one

particle, two particles,...n particles,zero temperature, real-time, imaginary time and so on.
2.6.1.1. Two time Greens functions

The full Greens function formalism has two more Greens functions besides the retarded

Greens function:

Causal Greens function

Ge(t,t') = ((A(t), B(t))) = -i (T[A(D), B(t)]) (2.6)
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Retarded Greens function

Gi(t,t") = ((A(£), B(t))) = -6 (t-t") ([A(D), B(t)]) 2.7)
Advanced Greens function

Ga(t,t") = ((A(1), B(t))) = -i6(t’-1) ([A(D), B(t)]) (2.8)

Where <« ---> is the abbreviated notation for the corresponding the Green
function,< --- > indicates the average value over a grand canonical ensemble for the
operators.O(t-t") is Heaviside step function and A(t),B(t") are the Heisenberg
representation of operators A and B expressed of a product of quantized field functions (or

of particle creation and annihilation operators) in which A(t) is described as
A (t) =eHD A (0) e CHHO | H is Hamiltonian operator.

6(t-t’) is Heaviside step function

o= {5 e
[A(t), B(t")] is acommentator or anticommutator
[A(D), B(t)]= A(O)B(t') - uB(t)A(H) (2.10)

u=+1 for bosons and u =-1 for fermions

Green functions play the most important part in the field-theoretical treatment of many-
body problem. In this work, we used only the retarded double-time green function’s

formalism

To obtain the equation of motion of the green functions we differentiate equation (2.7)

with respect to time t and multiply it by i both side

i < Gr(t t) = i ((A(6), B(t))) (2.11)

i % Gr(t,t) = i% (10t — t){[A(D), B(t)])) (2.12)
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i % Gr(t,t) = % O(t-t')([ACD), B(t)])+i H(t-t’)[%A(t), B(t) (2.13)

. d ’ d ' ’ . d ’
i < Gr(t,t') = = 0(tt") ([AE), B+ ( (i A (), B(t))) (2.14)
Lets consider the relation between Heaviside step function 6(t) and Dirac delta function &
Where 6(t) = &(t)dt (2.15)

Hence %H(t) =4§(t).since the operators A (t), B (t') satisfy Heisenberg equation of
motion. Actually calculating the Greens function can be done via the general equation of
motion for Heisenberg operator
ih = A(t) = [A(£), H] +ih = A() (2.16)
Lo(t-t') = S(t-t') = o(t-¢") (2.17)
dt a Tt '
Based on the relation between Heaviside step function 2(t) and Dirac delta Function,

Equation (2.13) can be written as

i Gr(e,t') = 8(tt)KIA®, B+ (A, H] BE))) (2.18)

On the right hand side of (2.18) a new Greens functions appears as [A (t), H] is again an
operator. Usually this leads to a higher order Greens function, i.e. one that contains more
operators than the original G(t, t’). For this higher order Greens function, another
equation of motion of type (2.18) can be written. This leads to an infinite chain of
equations of motion. The system of equations can only be solved if the chain is stopped at
some point by decoupling, i.e. by making physically motivated approximations to some
higher order Greens functions. Often it is more practical to work in the frequency domain

rather than in the time domain:

In order to solve equation (2.18) lets use Fourier transform of equation (2.13).since we are

dealing on retarded interaction we can use G; (t-t") in the place of G, (t, t") and
Let G(w) be the Fourier transform of G(t-t") such that

23



G(t-t) =- [ G(w) e (t — t'dw (2.19)
G(w) = [ Gt —t') e®(t—t)d(t —t) (2.20)
And Dirac delta function can be defined as
§(t-t)=o— [ e (t — ) d (2.21)
Hence < Gr(t — t) = - iw X G, (w) (2.22)
There for equation (2.14) becomes
wG(w) = §(t-t'){[A(D), B(t)])+ ((A(D), B(t))w (2.23)
In simplified form equation (2, 23) can be of the form
w( (4, B))w=([4, B])w+(([4, H], B)w (2.24)
This is equation of motion involving the Fourier transform of the green function
((A,B)),( ([A, H], B))w and the thermal average([A, B]) w over the canonical,

Where ((..... ))w stands for the Fourier transform of the corresponding green function.

The correlation function (B(t"), A(t)) is related to the greens function by

(B, AD)lim, o [~ ARt OBO iot-tg (2.25)

Where ﬁ:k%TA(t) and kB is Boltzmann constant

The other standard relation used to calculate correlation function is given by

1
E—-wti€e

= Fins(E-w) (2.26)

Where € > 0 and P denotes the principal value of the integral. Here, we consider E — o as

a real quantity.
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In order to obtain the superconducting properties, we define the following correlations in

our formalism,
A=Y (atpai)= X Viatagm) (2.27)

The superconducting order parameter (A) can be found from the correlation function using
eqn.(2.25) with the appropriate Hamiltonian. (a*, af;) and/or (af,a’,;) with the

appropriate Hamiltonian.
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CHAPTER THREE

3. FORMULATIONS OF THE PROBLEM

3.1. The model Hamiltonian

The purpose of this work is to study theoretically the interrelation of magnetism and
superconductivity, which was experimentally observed in SmFeAsO;.xF«.We will find the
expressions for transition temperature and order parameters by constructing a reasonable

Hamiltonian. We assumed that the system consists of conduction and localized electrons.

The Hamiltonian is expressed as:

H=H,+H" (3.0
Where Ho=>"5C{ ,Cy o> Vikkom 1C 1C i 1Cyon (3.2)
k,o k.,k'

Here, the first term of Ho represent single particle energies of the conduction. Operators
Ci (Cy) are the creation (annihilation) operators for conduction electrons with the wave
vector k and the spin projection on z-axis 6 = 1 or |. & is the one electron kinetic energy
measured relative to the chemical potential, the second term is the interaction (electron-

electron) through other possible exchange.

0 + A+ + Rwt
H'=> &, (CC bb, +bib CC ) (33)
k,I,m
Which is the interaction term between conduction electrons and localized electrons

through spin fluctuation with coupling constant a .b};(b;1) is the creation (annihilation)
operators of localized electrons
We study the Hamiltonian (3.1) with the help of equation of motion using green’s function

technique.

0 {(Cit, Cin») @ = ([Chr Cial) H(([Cir, H, Gy )) @ (3.4)
0 {(Chr, Y @ = 1+({[Cp, H], Ci)) @ (35)
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w{({Ckr, Cin)) 0 =1+({[Cyr,Ho + H'],CiN w
To solve equation (3.6), let us evaluate the commutation relation with the use of
[A, BC] =[A, B] C+B [A, C]
[AB,C]=A[B,C]-[A C]B
[A,BC]={A,B}C-B{A, C}

[AB, C] = A {B, C}-{A C} B

(3.6)

ANnd [Cy Ci] = 8yir = 1, if k=k’, otherwise 8y, = 0, [Cy,Cic] = 0= [CF,C] and{Cih C4}=0

Using the above properties, Evaluation the commutator using the Hamiltonian given in

equation (3.1), we obtain
[Ck1, H] = [Cer, Ho + H']
[Cir,, HO 1 = [Cit, . €0 CpoCoo = Ziser Viser CitC s Coiert Cien|
[CkT, Yip,oEp CkT,CJana]:Zp,a €p [CkT, C;;racpa]
[CkT, Zp,o‘ &p CkT,C;ano] :Zp &p 5kp Cpr = &k Cir
[Ciet, Ziejer Vieger CrrC i CtensCient | == Zpor Vpopr [Ciet, Cor €] C_pri Coprg
==Y Vopr ([Ckt, Cr 1C2,0 + Cor [Cir, €20 1) CpriCpn
== Xppr Vopr Okp C:Lpl CprCpn
[Cret Vi s Cir C et CoiensCiont | = = Zopi Vior Chey CopriCpont

And
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(3.7)
(3.8)
(3.9)
(3.10)
(3.11)
(3.12)
(3.13)

(3.14)



[Cir, Zieim cum(CirCit y birbmy + bbby Crr Copey)] (3.15)

=[Chr, Tiom Awm CiCity birbmy |*[Cot, Tipm  @mbiibry Cor C—pe] (3.16)
= Yrrm Aum [Ciet, CirC_t L bitbpmy | +0 (3.17)

=Ykem m ([Cer Gt [C iy + CA[Car €y [ burbim (3.18)
=X Um C_py bibmy (3.19)

Making use of the equation (3.10), (3.14) and (3.19), equation (3.7), becomes
[CkT,J H]: €k CkT - Zpl 4 Cjkl C—prlelT +Zl,m al,mC—I-cF,l bl,Tbm,l (3-20)

Substituting the value of commutator [Cys, H] from egn. (3.20) in to egn. (3.6), we get
0 {(Crr, Ci)) @ = 1+ &, ((Cier, C3)) 0 -V X, ({C_E L C_py Cpn , C7)) @

+X1m Am {(C_gy Birbp, Cit)) @ (3.21)
((1) — & ) ( (CkT,r C]:-T» w=1- VZpI( (C_]tl, C—p/lelT K C]:-T)) w
+Xim Aum ((C_fy by, Cit)) (3.22)

Linearzing the eqn.(3.21) by decoupling the higher order green’s functions in to lower
order and retaining two correlation functions of the type ( C_y,1, Ckit) , {Cir, C_jy) Using

wicks theorem [43], we get
UC_E ) CopnCon , G @ = (C_pri, Cot) ((C ik, G (3.23)
ANd ((C_i | byrbmy, Ciy)) @ = (byibpmy) ((C_jy, Ciy)) w (3.24)
Making use of the equation (3.23) and (3.24), equation (3.22) becomes
(@ — &) ({Crr, CEN w=1-V T, {C_p11, Cpir) {{C_51, CiNw
*Xim Amlbmy, bi)((Cgy, C)yw (3.25)

(@ = &) {Crt, Ciy)) 0=1-A (C gy, i) +1 ({Cgp, Gy w (3.26)
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Whel’e A: V Zpl(c—pll ,T) V Zp/ ( prir +plT>

and U:Zl,m al,m <bml' blT) :Zl,m al,m (bz#; b;u)

(3.27)

(3.28)

Here, n describes the magnetic correlation amongst neighboring atomic sites with local

magnetic moments.

The equation of motion for the higher order green’s function ((C_j,, C;)) w can be

obtained as before by evaluating the relevant commentators as shown below.

@{{C_ku, Cery @ ={[C_gy Cgnl) @ +(([C_e, H], CinDw
w({C_f, Ci)) w = ({[C_i, H], Cip)) @
w({(C_{, ChN w = (([C*,, Ho + H'], i) w
[C_it Zp0 & CooCpo — Zicier Vier'y CrrClir CokniCen]
[C_k1 2poep CooCpol=poep [Cpv CioCpol
:Zp,o‘ &p C;;La O_iplio Zp & C pl S_ip :_g—ijkl
[Cohm Loy Vop) C ct ptCpiCp]
~= Yo Vippy (€21 Cot €21 C_pi Cpnl)
— Yoo Vppy [CTkw Cor CEpL 1CpiCont Cop [ €21 €24 1] Cpi Cpr)
=—2p ¥ Cp C2py Cit
(€l B1= (€2 1 Zimp @m Cp1Cp1 Ditbmy +Eimp @im bii b1 C—p 1 Cit]
Since «a is real we can take @ =a*
=[CE 1 Zimp Am CorClpy Binbu+ X mp € m by C—p 1 Cier ]

_ + +7+
—Zl,m,p arm [C—k,l ’ C—pl' CpT ]blTbml

The final result becomes
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(3.30)

(3.31)
(3.32)

(3.33)
(3.34)
(3.35)
(3.36)
(3.37)
(3.38)
(3.39)

(3.40)

(3.41)



= Zl,m, Aym Ckal-;bT-:’-ll (3-42)
Substituting eq. (3.35), (3.39) and (3.42) in to eqn.(3.32) for[C_{,, A] ,we obtain.

W ({Ch b CeN==e_k ({CT1 1, Cit)) = 2 Vi ((Cpy €1,y Cir, Ci))
X1 m, Am € (bfib  Cier, Cit)) (3.43)

Since —e, = —¢&_;, is the Kkinetic energy of the conduction electrons and

A=A* n=n*(taking the order parameter real)then.

W ({Ch 1 CiN==er (ACT 1 1 Cit)) = X Vi {Cot €11 Cir, Ciiy))
+Ym, um (Db Cr, Cit)) (3.44)

Decoupling eqn.(3.44),we get
(Cpt €21 Ciers G = (Gt €20 Y{Cier, 6 (3.45)

{(bftbmi Cirs Ciit)) = (bgibp) ({Ct, Ciiy)) (3.46)

Substituting equations (3,45) and Eq.(3.46) in to eq.(3.44),we obtain

w «C kL CI:T»:_ &k ((C Ikl C}jr)) - Zp Vp (C+ Ci_pl Y{Crer, C,:'T))

T im, Amlbiibii) ((Cer, G (3.47)
(@ + &) ((CZ GiN=-(8-1) ({Cr, CE) (3.48)
Where A = 3, v(C €55, ) (3.49)

and 7 = ym aym(biibihy) (3.50)

3.2. Equation of motion

Now using equation (3.26) and equation (3.48) we can obtain the following two equations

(@+e) (Ch CaY = (8-0) (T2 = 522) ((Copa G (352)
(@) (€ Gl = (Ao 4 L2D2) (4, ) (3.54)
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= (w? =g — (A—n)?)((CT kL Cer)) :-(A—n)

_ —(a-n)
Therefore ((CX, |, Ci7)) = -y (3.55)
And (-, ){(Ck1, Cip)) =1=(A -1) { (Cjk,l' Cer)) (3.56)
-1 (s Ci)) T (G, G) (3.57)

(w+eg ) = w?-gf - (A = M*({Cr, Cir))

w—E&
({Ci1, Cir)) :W(Z—n)z) (3.58)

The equation of motion with green’s function given by equation (3.55)

—(A-n)

+ —_—,—— e
K Chw G > = rma oy

(3.59)

Where A the superconducting order parameter analogue to the BCS is order parameter and

n is the magnetic ordering. Using the relation for A.

———an<<C_k ) (3.60)
__7 —(A-n)
S D = reE) (361)

And the sum may changed in to an integral by introducing the density of states

N(e) Zion = i [ dk =[7, deN(e) (362)

(2w

The summation with respect to k and n extends over all allowed pair states. There fore

A= 23, [7 deN(e)VE ] (363)

2- sz (A n)?)

Attractive interaction is effective for the region a,, < €. < h,;, and assuming the density

of states does not vary over this integral. Then the expression becomes

b= 2 TNV T fy " de || (3.69)
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Now changing w — iwn and using the Matsubara’s frequency for fermions, we have
W= (2n+1)% (3.65)
Now eq. (3.64) becomes

A= 2N(EWVB B [ de [——a—— | (3.66)

(2n+1)2m2+p2e2
Where €2 =¢2 + (A — n)?

1

= an we can write the above

Using the Poisson summation relation %tanh G)

equation as:
_ hwb 1 PE
A=2N(e)v f,"" de(a — 1) tanh (£) (3.67)
LetN(e)v=1
A_ hwb (A-7) B |er+-m)?
“=["" de———L—tan h| ~—— (3.68)
A ,8,2(+(A—7’))2 2
1
Where ,3 = kLTT

Using equation (3.68) we can get different combinations of interrelation, interrelation of

magnetic ordering and superconductivity:

3.3. Effect of Temperature on Superconducting Order Parameter (A)

and Magnetic Order Parameter (1)

Let as study eq. (3.68) in different cases

(i): As T—0Kk, f=>c0 so one take tan h (%E) —1

A_ chwb  (A-7)
==f " ==L de (3.69)

/8,%+(A—n)2
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a

Using the integral fm dx =asinh™! G) , Where a = A — n, x=¢ek the above equation

becomes
= ahsinn (55) | nob (3.70)
== (12 sin h—l(Z‘f—S) (3.71)
== (1Y) |n{if’—z + /(Z“’Tz)z + 1} (3.72)
r (-3 () (3.73)
For (Zi’—i)z > 1 the above equation becomes
pE(1-Pm i (3.74)
This implies
(A — 1) =2hwbexp <— /1(1—1—Q)> (3.75)

Which is similar to BCS except the n and (1 — %) term.If we use A(0) of BCS at T=0,

which is given by
2A(0)=3.5kgTcC (3.76)
For the compound we study (SmFe (O;.x<Fx) As the experimental result of Tc=55K [32].
Sothat A(0) =1.75kBTc=1.328875625 x 10
Where the value of Kg (Boltzmann constant)=1.38065X10*/K.and
fiyp = hyp= 107ev (for BCS)

At T=0 the expression for n using (3.75) becomes
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1

n= 1.75kg T -2Awb exp ( ﬁ > (377)
1.75kgTc

(ii) As T—>Tc, A—0

Using equation (3.68)

A _ chwb Bek+@-m?
—=[,  de-———=—tanh (3.78)
A /s +(A-1)?
B /e +(A-1)?
Lofhobge QWD ganp | NE (3.79)
/s +(A-n)2
1 fhwb B /£k+(A n)?
—_= g —_—
,Sk"'(A 77)2
e2+(A-1n)?
[P de—L—tanh £t (3.80)
,Ek"'(A n)?
At T=Tc, A=0
The first integral of equation. (3.80) becomes as
! (3.81)

1 tan h ﬁ\’s,zc+(A—n)2 fhwbd Z
an 2 N="% w2+ e2+n2

0 /8,";+(A—n)2
= %, and using the

Using the Laplace’s transform and matsubara frequency, w,=(2n + 1)

approximation,
1 1 n?
- wi+e? (wi+e2)?

w4+ g2+n?2
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—fh“’b ?de Zn__oo - (3.82)

hwb
_f de Zn__oo w3 +€2 (w2+2)2
B
_ rhwb tanh (¢€) _ rhwb 2 1 o
- fo de € fO de Z”““ (((2n+1)%)2+52)2 +

1

BU T e =2 e

! =2y%, ——— ,Where x*=

22” 0(a2+£2)2 =2 Zn RN 4(1+ >) a4(1+ 2y’

hwb 1 B\I‘EIZ#(A_U)Z
Then f ———tanh| —
/e,%+(A—n)2 2

B
hwb , tanh (7€) hwb
=), de——2— [ n*de —zzn 0 4(1+ =1+l (3.83)
For x=L=, then dx =£.d €
B h
Ilzfozhwbd tanh ( 5) J-ha)blnx (3.84)
;= Inxtanhx |g f _hwb C;::z dx (3.85)
For low temperature tanh (hﬂ) -1,
2kgT
1=in hao, - In(/4) exp(—c) = In1.14 222 3.86
= 5 b p C)=I(nl. KpT ( . )
h 2 o 1 4 h 1
And I =— [ nzdeEZ A S errahd 'E”z e S0 G dxt (3.87)
L =202 S0 Jy st = 517 Dol )2 fy et (3.88)
2 Bn n=043J0 (14x2) Bn n=0 11'(2n+1)a3 0 (1+x2) '
. 2 8.
Approximately I, :%172 %{(3)% = (nk T)2 ‘;14 (3.89)
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With the use of [ o x2) % (3.90)

(1 -2 -P){(p),where p=3, {(p)=1.202 { is zeta function [46]

B [ei+(a-n)?
+ = In1.14 1@b

(2
kpT, Tl'kBT

28 G =

. . hw 1
First integral [ de —=
0 2
5k+(A_77)2

The second integral of equation (3.80) becomes

)2 8.414

tan h (3.91)

Applying L’Hopitals Rule (differentiating the numerator and denominator),

B /£2+(A—n)2
:fohwb limy_,[de — __tanh e 7 ] (3.92)
2 2
/€k+(A—n)2

B /€2+(A—n)2
= foh‘”b limp o[ de—2L—tanh | — |’ (3.94)
2 2
/8k+(A—77)2

T}S@ChZB 8 +(A n)ZB 2(A-n)
2 +(A— 17)2

hwb .
£2+(A—17)2+AM
=l 2(e2+72) (3.96)
Therefore combining the first and second integral result gives
=Inl.14 hwb - 2 8414, fﬁwb nBsech? \/S;CTU -
Z (T[kBTc) 8 2(8 +72) .
2B
l— hﬂ_ 2 8.414 flwa howb M 2tanh
7= L1422 () = e €l e +n2) (3.98)

With the use of a relation sech?x = 1 — tanh®x

The result of the third term from rhs of eqgn. (3.98)
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2 2

fhwb d ds = — arctan(hnﬂ)— n’ ln[n+hwb] (3.99)

0 2kpT(e2+1?) 2kpT, T 2kpT, ‘n—-hwp

And the fourth term rhs of eqn.(3.98) can be integrated with the help of FORTRAN
LANGUGE using the following approximation.

hw, ~ hwp=10"ev.(For BSC)

and, the superconducting critical temperature for SmFeAsO;.xFx, Tc =55k [32]

so 222 = (.0000001 (3.100)

2kpT,

Using n=0.05-7 and kg =1 with the aforementioned method and the above approximation

we obtain

f()_()o()o()l tanh2(0.01 (x2+a?) )
10710 2((x%+a?)

dx ~7.6X10™%° (3.101)

Substituting eqn.(3.99) in to eq.(3.98) and simplifying gives that

2 2B 2.2
1_ hwp n n+hwp 2 N <8414 rho, 1 AT [EFN
/,L—ln (1'14 kgTe )+(47TI<BTC) In (n—hwb)_n )(4-7'rkBTC) 8 fo 2kpTc(ef+n?2) de
1_ hwp n n+hwp 2
/’L_ln (1'14 kpT, )+ (47TkBTC)+ ln(n—hwb) %)
nztanhzé ,82+T]2
+(—L—)21.05 [P 2NE e (3.102)

amkpT, 0 2kpT (e2+1?2)

For small n we can ignore the n? term eq.(3.37) becomes

Z=1In (1.14 heoy )+ 7_n ("*h“’b)

kpT, 4kpT, n—-hwp

kT, =1.14hw;, exp(—(5-an) (3.103)

Where a= 4k" In ("”“"”)

BTc n—hwp

Eqg.(3.99) can also be written as follows
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Using 7= In (1.14 =22 )+ —T_ p (12222) (3.104)

kBT, 4kpTc n—hwyp
1 hwp \_ 7 n+hwyp
=-In (1.14 kBTC)_4kBTC In (n_hwb) (3.105)
This implies
m hwp 4kpTe n+hwp _4kpT,
Z-mIn(1.14 k,TT) 22l = In (—n_hwb) Where m=""27¢ (3.106)

The above equation further can be simplified as

In (m): exp% — mxIn (1.14 ﬂ) (3.107)

n—hwp kpTc

Multiplying both side the exponent by 1/m and simplification gives that

kgT.=1.14 hwb In (%)Um exp % (3.108)
ksT:=1.14 haop In (T522) 1 /4y T, exp—- (3.109)

3.4. Equation of Motion for Localized Electrons

Using retarded double time green’s function technique the equation of motion for

localized electrons can be written as:
w ({byy, biN=1+({[byr ], b)) w (3.110)

Now let we first evaluate the commutation [blT,Fl] , using the Hamiltonian given the

beginning of this chapter

[bir H] = [byy Ho + H'] (3.111)
[ X0 &k [bir, CI::aCk,a]'i-Zp,a &b, blTabla] (3.112)
=Yp.0 &plbut, bisbis] (3.113)
=Yp,0 &({bur, b5 }bic — bis{bi1,b15}) (3.114)
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=g by,

Again let us do the commutation

[bir, = Zkier Vierr Citr Cry Coiri Crenr| =0

So the reaming

— + ot ot
_Zk,m,p 00, m [blT,CI:-TC—klblTbml ]+Zk,m,p azm [blT,C—k,le,T bmlpr]

= * + ot pt
_Zk,m,p A m [blT,C—k,le,T bmlpr

— + + pt
—Zk,m,p al*,mC_k,T C_k,le,T [blT, bmlpr ]

=Y kmp @im Ci1Crr ({bir, b 3bgy — by { buy, byr 3)

— + + +
—Zk,m,p al*,m C—k,le,T (6lm pr - bml 61;9)

— * + t
= Zl,p U p C_i1Crr pr

— * + ,t
Hence = X m @l m C_k 1 C 't by

Since a = a*, using eqs (3.115), (3.116) in to eq. (3.110), gives

@ ((bur, b )=1+e ((bir, b)) + Ziem @im ((C_i1Cidy b, b))

((bir, by7)) =e — +—((bm¢,bn))

Where A=Yy mal,m (C_x )

In similar way, one can also obtain the equation of motion for the expression

w <bm¢, b”))(u = <[

ml blT])+<<[bml' H], b)) w

W ( (b, b NYw =0+ ([, H], 1)) w

w ( (b1, biNw={[bmy, H], 1)) @

Using the same technique, we get
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(3.115)

(3.116)

(3.117)
(3.118)
(3.119)
(3.120)
(3.121)
(3.122)

(3.123)

(3.124)

(3.125)

(3.126)
(3.127)

(3.128)



Zk,a &k [b;w Clzack,a] +Zp,a gp [b:r-ll' bl-!_ablo] (3-129)

=Y1.0 €1lbmu, bilsbi o] (3.130)

=X0 &1({bmu, bigYbio -bils {bmys bro 3) (3.131)

=-Y10 bt Smibis (3.132)

=& b, (3.133)

The commutation [byr, — Xk Vir'y CrrC i CorentCint] =0 (3.134)
Yimp Um i CirCosbirbimy 14 Bk mp @ m [ Prmts C ki Ciet boibay (3.135)
= Ykip Cptikip Xmlbmi CorClhiy bonb] (3.136)
=Ykt plbmi CiClitbinbpi] (3.137)

= Ykip Op CarCoi[ By birbpn] (3.138)

= Ykip Op CerCis ({bms binbpr — bn{by, by 3) (3.139)
=iy UpCaiCles (Bmubpr — biy Smr) (3.140)

=Ykp p CirClit bpr (3.141)

Using egns. (3.133), (3.134) and (3.141) in to eq. (3.128) and taking ¢; = &, , gives

(b1, biNw=- em( (b, BENF Yk p 01 p { (CrChy byt , b)) (3.142)
Taking & =¢,,

(w+er) by, bi))=D1 {(by1, bit)) (3.143)

(UAS Y -( vey ((bpr ) (3.144)

Now, using egn. (3.126) and (3.144), we get

(b, bi1)) = ((M) ((wA_lsl) o s)<< o1 b)) (3.145)
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— A
(1 ((4)2+£ 2)) << mil’ blT)) ( +e ) + ((1)+£) (3146)

SO {(by, bii)) =m (3.147)

Ay
(a) D) + (w—gp) + (w+s)

((byt, b)) = ({byr, by7)) (3.148)

Using eqn. (3.144) and in eqgn. (3.126)

(1 - (w2+€ 2)) < < K b”))_(w &)

(w+€p)

({bi1, b)) = ot —a7) (3.149)

The equation of motion that shows the correlation between the conduction and
localized electrons is Using similar definition as for A, we can define the magnetic order

parameter (n) as;

n=z 2 Ynl (b, b)) (3.150)

a A
N =5 Lkn m (3.151)

Using eq. (3.147) is made to obtain eq.(3.151)

The sum may be changed in to an integral by introducing the density of states, N(0)

Tk — (Zn)zf d® k=[", N(0)d e (3.152).

The summation with respect to K and n extends over all allowed pairs states. Hence

N =2 [ N(0) (L) d € (3.153)

(w2—g;2-7;%)

For effective interaction region and assuming the density of states constant,

eqgn.(3.152),gives

_2N(0)x

T [P N(0) (A, ) de (3.154)

Now, using the matsubara frequency, we change w b to iwn such that
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wn=2n+ 1)% (3.155)
Thus eq. (3.153), becomes

N = 2N(O)oB Tn [ (5 ) de (3.156)

(2n+1)2m2+p2¢2
Where E2? = &2 + A*

Using the relation % tanh(x/2) = )., we can write eqn. (3.156) as:

(2n+1)2 w2 + x2 '
n=2N(0)ap [ " 'Al' Htanh (£) de (3.157)

Let 4; =N(O)a. Then eq. (3.156) yields

=, 1" —2tanh (ﬁ g2 + A2 /2) de (3.158)
812+A12
n=A,A, foh‘”b L tanh (ﬁ g2 +A° /2) de (3.159)
812+A12
We first solve
h 1 h 1
fo wbm tan h <.B El + Al /2> de = f o de Zn_—oow (3.160)

Using the Laplace’s transform and matsubara frequency,wn =(2n + 1) % , egn. (3.160)

becomes
[y JE;letanh@ 812+A12/2>de (3.161)
_fhwbd 7 Li=mco 2;2 fﬁwbdgAIZ%Zn__wmz - (3.162)
=[1" de tann )fhwalzd ENE (3.163)

(((2n+ 1)5)2
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co 1 —_ oo 1
But Zn:—oo (((2n+1)%)2 _227’1:0 (((2n+1)%)2+€2)2

oo 1 =2y © 1 =2y ® 1 2 _¢
g = _g———— z 0 —————, X =
Zn_o (a+£2)2 Zn_o a4(1+£2) n=0 g4(14x2)2"’ a?

a2

tan h <,8 g%+ Alz/z>

hwp 1
Then [ de\/@

_ (hop g @ (5O hoy o4
f fo Al Zn 0a4(1+x2) de +

Let us solve these one by one

For x:%, then dx =% de

B b
Zhow tanh (£ ) hwb InX —ha)b In X
Jg " de——2== —dx—lnxtanhxl2 -

0 0 cosh2x

For low temperature (T=0K or T= Tp,)

tanh( heop ) -1,
2kpTm

Bhop  tann (Le < p
2 —_ — —_
J‘0 2 de e =in (ZkBTm) In (4y)

B tanh (5
Hence, [ g ™59 - g 14 b
£ kgTm'

Elurer’s constant .Where y=1.78 [ 44 ]

Similarly
fohwaIZiZ;":O@d =402 3. O(H(Znﬂ))sfooomdx+
Jo " A2 2 T s de & ~E 023, A L)21.05,
Where [" =1 and £ e = (1-2-P) S()

0(1)
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(3.166)

(3.170)
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Here p=3, {(3)=1.202, { is the zeta function [45].

Now using the value of I, and I, we get

h A
n=—X4; (In(1.14 kB“;fn ) + (m)2 1.05)

Since A; is very small, so, we can ignore the second term and we get

n=—A, (1n 1.14 hﬂ)

kgTm
This implies;
n) _ 1.14hwp
€Xp ()LIAI) - kgTm
ka T =~k = 1141w, exp (34
exp(m) 18]

1.14 n
T, =—— hw,ex (—)
m kB b p AlAl

3.5. Equation of Motion for Pure Superconducting System

(3.173)

(3.174)

(3.175)

(3.176)

(3.177)

For pure superconducting system (when magnetic order cannot appear and magnetic effect

cannot appear) we can ignore the n term and our previous calculation gives the following

results which are similar to BCS theory.

Using equation (3.68) T—0(with n = 0) and tan g =1 so the

|ez+n2
%:foh“’b °_tanh(B kz de

Ve2+A2?

2 2
1_chwp A JEtA
—=I "——tanh| B — |de

,5,2(+A2
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P N

=[ " ——tanh(BZ)de (3.180)

0
e2+A2

Where e2=¢2 + A? and tan(Bg) =1

Then the above equation becomes

1_ rhwyp 1 _ rhwyp 1 _ 1. -1 hwp
== de= de=sinh™ — (3.181)
A Jb /si+A2 J; ,e§+A2 A
-1
A(0) =2 hwp e* (3.182)
Since A is very small
And using eq.(3.18) As T—Tc
1 hwp 1 £
—= tanh(B=)de (3.183)
A fo \/@ ( 2)
Lzt ean h (BE) dx , x=p & 3.184
T =l tanh(B3) dx . x=p 3 (3.184)

By applying integration by parts

Inx

By B
Loinx tan hx| "~ [P ho, (3.185)

cosh?x

For low temperature tanh (th%) -1

1
2kBTc

Then equation (3.185) yields,f=
1 _, Phwp T\ _ hwp
= =In®2 i (Z)—In 114222 (3.186)
ex= 114020 (3.187)

kBT

keT=114"2=114hw), exp( - 5) (3.188)

ex
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To obtain temperature dependent of energy gap of equation (3.68), we used the same

technique to solve the first integral of equation (3.80), which is

2 AZ
1 _ rhwp 1 \ et
== tanh| B “—
,e§+A2
1 —

1oin 114290 A2(1 )2  1.05+
A kT TIKgT

de

ha)b
KgTc '

But from BCS at T=Tc,~ = In 1.14
simplifying the above equation yields that

1 (28414
— ===

+...
T[KBT 8

In (=) = -2%(
Using In (1-x) = -x- X/2 +...

Implies that, In (=) =In (1-(1-—)) = - (1-=-) - (1 )?/2+....

T T
In(Z) ~- (1)
Here

1 8.414
)2—— +...
TIkBT 8

A (T) = 3.06kBTc /1 ——; T<Tc

TN\ A2
=>-(1-TC)~ A= (

(3.189)

(3.190)

(@as T—- Tc,A— 0)and assuming wp = wy,

(3.191)

(3.192)

(3.193)

(3.194)

(3.195)

(3.199)

This is the expression that shows how the superconducting order parameter (A(T)) varies

with temperature when the magnetic order parameter (1) is zero and it is similar to the

BCS theory.
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CHAPTER FOUR

4. Result and discussion

This part of our study deals with the investigation of the effect of temperature (T) on the
superconducting order parameter A (T) and we have examined the effect of magnetic
ordering (n) on the superconducting transition temperature (T¢) and on magnetic order
temperature (Tr) in SmFe (O1-«Fx) As compound. Using the model Hamiltonian and the
retarded double time temperature dependent Green’s function formalism, we have
obtained mathematical expressions for the superconducting order parameter (A), the
transition temperature (T.) magnetic order parameter (n), and for the magnetic order
temperature(Ty,).Based on these expressions and by using the experimental and theoretical
values and by considering plausible approximations of the parameters in the obtained
expressions, the phase diagrams of superconducting transition temperature versus
magnetic ordering parameter and magnetic ordering temperature versus magnetic ordering
parameter are plotted. Finally, by combining the two phase diagrams, we showed the

possible interrelation of superconductivity and magnitism in SmFe (O1.4Fx) As.

The expression we obtained for the pure superconductor in Equation (3.199) is in
agreement with the BCS model for n = 0. It is clear that from Figure 4.1, the
superconducting order parameter, which is the measure of pairing energy decreases with
increasing temperature and vanishes at the transition temperature (T.).In Figure 4.2, we
plotted the transition temperature (T.) versus magnetic order parameter (1).Using
Equation (3.77) and the experimental value of Tc for the superconducting SmFe (O1-xFx)
As. and plausible approximations for other parameters. In Figure 4.3, we plotted the
magnetic order temperature versus magnetic order parameter as demonstrated. by
employing Equation (3.177) and the experimental value, T, .And finally, we merged

Figure 4.2 and Figure 4. 3 to obtain interrelation of superconductivity and magnitism.
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superconducting order parameter (in mev)

U 1 1 1 1 1
0 10 20 30 40 50 60

temperature (T in k)

Figure: 4.1: Order parameter (A) versus temperature for the superconducting
SmFeO 1 FAS(A VTe ).
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magnatic order parameter (in mev)

Figure 4.2:Transition temperature (Tc) versus magnetic order ( n ) for thesuperconducting
(TcVsn).
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Figure 4.3.magnetic order temperature versus magnetic order (1 )

superconducting(T;,,Vsn).
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Figure 4.4: Interrelation of superconductivity and magnetism in SmFeO;.xF«As

(Te, T Vsm).
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CHAPTER FIVE

5. Conclusions

In the present research work, we have studied the possible interrelation of super-
conductivity and magnetism in iron pnictide compounds superconductors. We have
investigated the effect of magnetic order parameter () on superconductivity. For this
purpose, the expressions for the superconducting order parameter (A), transition
temperature (T.) and for magnetic ordering temperature (Tm) have been obtained. It has
been found that superconductivity is suppressed when magnetic order parameter (1)) sets in
and the suppression becomes more significant when the magnetic correlations grow.
Furthermore, Tc is observed to be suppressed when 1 is increased. This is verified by
plotting the phase diagrams of superconducting order parameter (A) versus temperature
(T) as shown in Figs. 4.1. On the other hand, in the orthorhombic state, magnetic ordering
enhances the magnetic transition temperature(Tr,) as indicated in the phase diagram of
magnetic order temperature(Tm) versus magnetic order parameter () which is given in
Fig. 4.3. By merging Figs. 4.2 and 4.3, we have found the region of interrelation of
superconductivity and magnetism as shown in Fig. 4.4. by varying the value of n and
superconducting transition temperature (T;) and magnetic order temperature versus

magnetic order.
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